The forces in walking, which are transmitted by the heel, the balls of the first and fifth metatarsal heads and the big toe, were measured by means of small transducers which can measure the vertical and sagittal forces, and the mechanical roles of these skeletal parts in external force transmission were analysed. The force measurements were carried out at various speeds of walking, indicated by the unaware stride frequencies. At
forces, and the mechanical roles of these skeletal parts in external force transmission were analysed. The force measurements were carried out at various speeds of walking, indicated by the unaware stride frequencies. At the beginning of the stance phase, the heel collides with the ground, producing a sharp and fairly large force.
But it may vary, depending on the hardness of the ground.
The heel bears only about a half of the whole force in the earlier half of the stance phase in usual walking, but its magnitude and relative rate become higher in fast walking. The other part of the whole force is transmitted from the metatarsal heads.
In the later half of the stance phase, the whole force is transmitted from the metatarsal heads and toes. The first metatarsal heads transmits the largest part. The big toe seems to play an important role in acceleration, together with the other toes, especially in the case of fast walking.
Introduction
In general, experimental analysis of human walking from the viewpoint of biomechanics has been carried out by means of measurements of the force of the foot acting on the ground or by means of photographic or photometric recordings of the motion of the body segments.
Concerning the force measurement, CARLET (1872) was the first to make a special apparatus for recording the dynamic force of the foot. He used a kind of manometer with small air capsules attached to the sole of foot. The used of small sensors for attaching to sole was occasionally seen in the latter reports, such as those made by SCHWARTZ and HEATH (1947) and by BAUMAN and BRAND (1963) . However, it seemed that this kind of device had the defect of being rather inaccurate for force measurement.
Since ELFTMAN (1939) succeeded in measuring forces excerted by the foot on the ground by means of a force platform, most researchers began to use various force platforms. Recently, the accuracy and dynamic characteristics of the force platform have been greatly increased. However, records of the dynamic change of force obtained by such platforms have still been more or less contaminated with resonances of the platform. On the other hand, the use of small sensors has such advantages as that local forces distributed over the sole can be measured and that the resonance of the sensor is usually practically negligible.
Therefore, more accurate and modern small sensors for attaching to the sole have again begun to be developed in recent times, as seen in papers, for exmple, by SPOLEK and LIPPERT (1972) , YAMAZAKI and TOMITA (1982), HENNING et al. (1982) and TAYA et al. (1983) . However, most of these papers deal with the development of new device and little attention is paid to the measured results in biological aspect. Only YAMAZAKI and TOMITA (1982) give some biological evidence.
Other papers don't describe the number of subjects and seem to have used only one subject in most cases. Consequently, their results cannot be generalized in terms of biology or anthropology.
It is commonly known in the field of human or mammal anatomy that the heel part of the calcaneus, metatarsal heads and toes are the parts of foot skeleten which transmit body force to the ground through underlying pads or balls during standing and walking or running, in the case of the platigrade animal.
Therefore, the analysis of the forces transmitted from these parts to the ground is one of the most important themes in studying human or mammalian locomotion. The forces externally transmitted from these parts of the foot skeleton, i. e., the inferior bulging parts, are measurable beneath the above-mentioned pads or balls. These may be called the main external-force-transmitting parts of the sole. However, even YAMAZAKI and TOMITA (1982) did not separate the forces of the balls of the metatarsal heads and of the toes.
Local forces in such parts of the human sole must be related to the morphological characteristics of the bones located above these areas, which have been formed during human evolution. In other words, the structural characteristics of the human foot skeleton must be connected with the force distribution parrern over the foot sole and with their temporal changes during walking.
The purpose of the present investigation is to try to discover the mechanical roles of those main external-force-transmitting parts of foot in walking, by measuring the vertical and sagittal forces beneath these parts of subjects walking at various speeds. Small transducers, which had already been developed and reported by RABISCHONG et al. (1967) , were used for the present experiment.
Details of the transducer have already been reported by RABISCHONG et al. (1967) and by GUIBAL (1968) .
Material and Method
Use of unaware stride frequency Walking is the usual form of human locomotion. Being locomotion, its velocity is an important characteristic.
However, the walking movement consists of repetitive motions of various body segments and the locomotion is actually performed by stepping foreward with the right and left feet alternately. Therefore, the translational velocity is a result of step duration time and step length of both feet. Because the duration and the length of both the steps are more or less different from each other, use of a full cycle of the walking movement, which is often called the "stride ", is perferable. The stride number per second is called here stride frequency and the sum of both the step lengths is stride length.
The human body, consisting of a series of segments, can be compared with a compound inverted pendulum in terms of mechanism. One of the most important characteristics of the pendulum is the frequency of its cyclic movement. The frequency is closely related to the mechanical characteristics of the pendulum. Even if the whole pendulum system cam move translationally, its velocity is produced principally by the frequency of its cyclic movement.
Moreover, the dimension of the stride frequency, which is a kind of angular velocity, is [T-1], unlike the translational velocity, the dimension of which is [LT-1].
Therefore, the stride frequency is less influenced by variation in body size than the translational velocity. In other words, it can be a velocity normalized by body size.
As seem from the biological point of view, one cannot directly control one's translational velocity of walking, but can control only stride frequency and stride length by means of the nervous system control of frequency and contraction strength of the antagonistically acting muscles.
Thus, the stride frequency is a very important factor in human walking and the translational velocity is largely dependent on it.
However, when people are walking in usual daily life, they are not aware of their own stride frequency. The stride frequency in this situation may be called "unaware" stride frequency.
Even in walking experiments in the laboratory, subjects are usually aware of velocity but not stride frequency.
When they are asked to walk along a pathway or on a treadmill, they unconsciously control their stride frequency in order to obtain an indicated or necessary velocity, unless a cyclic click noise or a special order is given to them.
Because the magnitude of the forces acting on the ground is dependent on the speed of walking, their relationship was investigated in the present paper. But the unaware stride frequency was used for indicating the speed of walking, being based on the above description.
Moreover, the stride frequencies described in the results and shown in the figures are all unaware stride frequencies.
Selection of external-force-transmitting parts of the sole When a foot is in the stance phase in walking, the distribution of forces acting on the ground is not uniform over its sole, but forces are concentrated in several parts. Such parts are the heel, the balls of the metatarsal heads and the toes, as described before.
These parts are located under the inferior bulging parts of the foot skeleton and called here the main external force transmitting parts of the sole.
Because of the limit in numbers and size of the transducers used in the present experiment, the heel, the balls of the first and fifth metatarsal heads and the big toe were selected from them, as the principal externalforce-transmitting parts of the sole.
Force transducer
The force transducers used in the present experiment are hexaheadral epoxite blocks with two kinds of foil strain gauges embedded in both sides parallel to the side surfaces.
One type of gauge is for vertical strain and the other is for tangential strain. Wires for the strain gauges are inserted into the middle of the posterior or anterior surface. The size of the transducer for the heel is 26mm in length, 26mm in width and 12mm in height. The size of the other transducers are 22mm in length, 15mm in width and 12mm in height (see top of Fig. 1 ).
These transducers were calibrated by a loading machine and a digital volt meter for the present experiment.
The loading test for calibration was carried out in two ways : the vertical compression test and the diagonal compression test by holding the transducer between 45 * inclined surfaces of attachments of the machine. The load-strain relationships examined are all linear in both the normal force and the tangential force within a range of 2%.
Thus the transducers can measure vertical compressive force and saggittal force.
Sandals for dxperiment
Sandals specially designed by RABISCHONG et al. (loc. cit.) for attaching the force transducer were used in the present experiment (middle of Fig. 1 ). Their soles are completely flat and made of thin leather. Transducers are attached by magic tape onto the upper surface of the sole at the places which correspond to the principal force-transmitting parts of the sole of each subject. The remaining space is filled with very soft sponge rubber of the same height as the transducers.
A thick, relatively hard rubber insole with rough surfaces is used to cover the transducers.
The sandal is firmly fastened to the foot of the subject by belts with It has a belt for walking made of serial metallic plates and driven by a hydraulic motor. Its length is 3m and width is 1 m. The power supply for the motor is placed outside the laboratory in order to avoid electric noises.
Subjects and experimental procedure
Subjects were five French and a Japanese ; all were males aged between 21 to 40 years. The Japanese was used for comparing the same subject in the results of the present experiment and an experiment using a force platform which had already been carried out.
The subject having put on the sandals with the extension wires passing over the side bar of the treadmill walked on the belt of the treadmill, moving at various speeds for about ten minutes in order to become accustomed to walking on the treadmill.
After this training, all the subjects felt that the largeness of the belt, especially its length, made them feel safe and relaxed, and they could easily walk as if on the floor of a corridor.
By the end of the training period, they could even chat facing sidewards with persons who were operating equipment while walking on the moving belts. This situation is quite different from walking on the small and short belt of the treadmill usually used in Japan. On the small treadmill the subject is always tense and often feels frightened of falling out of the belt. This may have caused the results obtained by TOKUDA et al. (1984) , in which the mental and physical strain is increased in treadmill walking in the case of aged people. As the final training, each subject was asked to keep looking at a mark attached to the wall in front of the treadmill at around the height of the subject's eye-level in order to straighten his back while walking on the belt.
Then the experiment for force measurement was carried out at various velocities of the belt. Each velocity continued for more than one minute.
The signal currents from the transducers through the wires were put into a multichannel amplifier and then transmitted to an ink-writing oscillograph. These apparatuses are shown at the bottom of Fig. 1 .
The quantitative results of each subject shown in Fig. 2 and 6 are mean values of eleven records during most steady periods of walking in each unaware stride frevuency.
The magnitude of forces measured was normalized by dividing it by the body weight of the subject.
Outdoor survey of stride frequencies of pedestrians For the purpose of obtaining the distribution and the mean value of the unaware stride frequencies of pedestrians for reference, the duration time of 20 strides was measured by a stopwatch on 50 adult male pedestrians on the paved f ootway in a suburb of Montpellier city where the present experiment was carried out.
The mean and standard deviation of the stride frequency were calculated from the data obtained. kstatistics were also calculated for testing whether the distribution was normal or not.
Results and Discussion

Stride frequencies o f pedestrians in Montpellier
The mean of the stride frequencies of male pedestrians was 0.972c/s with a standard deviation of 0.0873c/s.
The maximum value was 1.14c/s and the minimum was 0.67c/s.
The results of the k-statistics indicated that the type of distribution was normal at a probability of 0.05. Therefore, frequencies between 0.90c/s and 1.05 c/s may be used as approximations of the usual unaware stride frequencies of walking in this case (a rough range of mean * one standard deviation).
Relationship between stride frequency and translational velocity
This relationship is not linear but has an approximately consistent tendency in five French subjects as shown in Fig. 2 . This investigation was carried out for reference Anyone who insists on the translationa velocity can calculate it approximately iron the stride frequency using this diagram.
Principal pattern of temporal changes in forces in usual stride frequency The pattern of the temporal change of each force shown in this figure is fairly common among the records of French subjects at usual stride frequencies.
The records at the bottom are added totals of the four kinds of forces shown above, obtained by means of electric circuits. Fig. 4 compares the temporal changes in those forces obtained from the present experiment with the temporal changes of the vertical and sagittal forces obtained in an experiment using a force platform (ENDO and KIMURA, 1971) in the same Japanese subject. Because the mean value of the stride frequencies of Japanese pedestrians measured for the latter experiment was 0.99 c/s, the record at a stride frequency of 1.0 c/s was selected for this comparison.
The forces in this figure were manually measured from the oscillograms and manually drawn.
The total forces shown at the bottom of Fig. 3 and at the left of Fig. 4 are fundamentally the same as the forces obtained from the force platform experiment shown at the right of Fig. 4 , except for short periods at the beginning and at the end of the stance phase.
The transducers of the present experiment are clearly inclined at Fig. 4 . Comparison of the forces of the principal force-transmitting parts obtained from the present experiment and the forces obtained from a force platform experiment in the same Japanese subjects walking at the same unaware stride frequency of 1.0c/s. these periods, unlike the force platform. However, the total forces are slightly smaller than the forces obtained from the force platform.
It is likely that a small part of the force is transmitted through the sponge rubber to the ground by strongly pressing the sponge.
Subjects were aware of this occurrence at the points just after the heel strike and around the end of the stance phase, when their toes other than the big toe were pressing the belt of the treadmill through the insole because of the strong plantar flexion of the toes.
Moreover, it seems that the inferior surface of the proximal end of the fifth metatarsal bone, sometimes possibly through the underlying sesamoid if it exists, transmitted a small amount of force to the belt in the case of subjects whose foot skeletons were rather flexible. After all, though the magniude of the forces obtained from the present experiment does not exactly show the real magnitude in actual walking without transducers, an approximate magnitude of forces and their tendencies in temporal changes can be estimated.
The vertical force of the heel increases abruptly and rapidly at the beginning of the stance phase, forming a narrow sharp peak in most cases. Then it diminishes slightly and again increases to form a gentle peak. This force then decreases and disappears around the middle of the stance phase. This phenomenon has already been shown by YA-MAZAKI and TOMITA (1982) by means of a force platform consisting of three units.
The moment of the sharp peak at the beginning coincides with that of the positive peak of the sagittal force of the heel. These peaks indicate a collision of the heel against the ground. This phenomenon has already been described by SHELDON et al. (1981) .
However, the peak of the vertical force is not clear in some gently walking subjects. This peak corresponds to the sharp peak often observable in the vertical force measured by the force platform.
In this case, however, the peak is more or less contaminated by the resonance of the platform because of its sharpness.
Therefore, it is often untraceable in the diagrams obtained from the force platform experiment, for example, those reported by CUNNINGHAM (1950), by JACOBS et al. (1972) and BOCCARDI et al. (1977) . When the first large peak of the total force, which corresponds to the first large peak of the vertical force measured by the force platform, appears, the heel does not bear the whole force as seen in Fig. 4 . This peak consists of the diminishing force of the heel and the increasing forces of the metatarsal heads. This fact implies that the application point of the resultant is moving foreward.
This phenomenon can be seen in the results obtained by GRUNDY et al. (1975) and by BOCCARDI et al. (1977) . The sagittal force of the heel has a short period of positive peak.
This suggests that the collision of the heel occurs in a slightly backward direction.
Then it acts as the strongest decelerative force. This force also disappears around the middle of the stance phase, simultaneously with disappearance of the vertical force.
This fact means that the heel is raised at around the middle of the stance phase.
The vertical force transmitted from the ball of the fifth metatarsal head appears about 0.05 second after the beginning of the stance phase and increases to become an approximately constant magnitude for a while. Then it increases again to form a peak, the magnitude of which attains to about 20% to 40% of the total force. The moment of this But it is more or less accelerative in the later half.
It seems that this force acts as a decelerative force at the end of the stance phase. However, the transducer to detect this force is already inclined and the real appearance is unknown. The forces of these two balls do not directly show the forces of the same balls in usual walking without those transducers. STOTT et al. (1973) reported as the results of an experiment using a platform which consists of twelve beams that the force distribution in the area of the metatarsal heads was variable according to the individual. However, the present experiment indicates a tendency for the vertical forces of the lateral balls to increase earlier than the forces of the medial balls and for the latter to become larger in the later half of the stance phase.
In thee latest stage of the stance phase, the force of the big toe increases considerably and its sagittal component is clearly accelerative, except for a short final period in which the transducer begins to incline. It seems that, if the forces of the other toes could be measured, the total force of the toes and their accelerative sagittal component would become fairly large.
The patterns of the temporal changes in the vertical forces obtained from the present experiment are fundamentally similar to those of the pressures observed by SCHWARTZ and HEATH (1947) and by BAUMAN and BRAND (1963) .
Relationship between forces and stride frequency
The forces measured in the present experiment change their peak values and their patterns of temporal change according to changes in the unaware stride frequency, as seen in the example shown in Fig. 5 . The peak values of these forces in five French subjects are shown in Fig. 6 .
The first peak of the vertical force of heel, as shown at the left top of Fig. 6A , does not appear clearly in two subjects among five in the low or usual stride frequencies.
But it is always clear in the high stride frequencies in all subjects. Its peak value varies according to the individual. However, there is a consistent tendency for the peak value to increase with the increase in the stride frequency. The value of the first accelerative peak of the sagittal force of the heel increases from the low stride frequency to the usual one. But it is rather diminutive in high stride frequencies.
This fact may mean that the direction of the heel collision The small curves in each diagram show the usual temporal change, arrows indicate each peak measured for these diagrams and W is the body weight of the subject. becomes less backward in the high stride frequency, though the exact direction is not clear because the transducer is inclined at this moment. The second peak value of the vertical force of the heel, shown at the left bottom of Fig. 6A , is highly variable according to the individual.
It depends on the habitual way of walking of the individual. In one subject the peak of the heel collision is so large that the second peak is not traceable as an isolated one. Individuals who have low values for the second peak show rather rapid and larger increases in the vertical forces of the balls of the metatarsal heads. In general, however, the second peak value increases as the unaware stride frequency increases.
The decelerative peak of the sagittal force of heel increases in the same way, as seen at the left bottom of Fig. 6B . It may be that the increase in the vertical force of the heel according to the increase in the unaware stride frequency is partially related to the same kind of increase in the first large peak of the vertical force observed in the force platform experiment reported by KIMURA (1969, 1971) , by ANDRIACCHI et al. (1977) and by KIMURA (1982) .
The vertical force of the ball of the fifth metatarsal head in the earlier half of the stance phase generally decreases in high stride frequencies, as seen in Fig. 5 . The value of its peak in the later period also slightly decreases as the stride frequency increases, as shown at the middle bottom of Fig. 6A .
The sagittal accelerative force slightly increases according to the increase in the stride frequency.
But it does not in very high stride frequencies, as seen at the middle bottom of the Fig. 6B .
The pattern of the temporal change of the vertical force of the ball of the first metatarsal head shows the same tendency as that of the fifth metatarsal head. The peak value in the later stage varies according to the individual. In some subjects it becomes lower in high stride frequencies and in other subjects it increases slightly, as seen at the middle top of Fig. 6A . The accelerative part of the sagittal force of the ball of the first metatarsal head is inconsistent and does not show a clear tendency.
The patterns of the temporal changes in the vertical and sagittal forces of the big toe show a consistent tendency.
Their peak values, shown at the right of Fig. 6A and B, clearly increase according to the increase in the unaware stride frequency, though their values are rather small. It seems that the accelerative force produced by the toes by means of strong plantar flexion greately increases according to the increase in the unaware stride frquency in order to produce fast walking because the accelerative force of the metatarsal heads does not increase with the increase in stride frequency.
Role of in f eriorly bulging parts of foot skeleton
Though the results obtained from the present experiment are still insufficient to clarify accurately the mechanical roles of the inferiorly bulging parts of the bones in the foot skeleton, some information can be obtained.
The heel part of the human calcaneus is very robust and is assumed to play an important role in bipedal walking. The present experiment reveals, however, that the heel does not tranmit the wohle force of the body in the earlier stage of the stance phase of walking, but that it transmit only about a half of the body weight. But it is observable that this rate increases in the case of fast walking.
The other part of the force in STOTT et al. (1972) . All in all, it is clear that the balls of the metatarsal heads and toes transmit all of the force in the later half of the stance phase of walking which pushes the body upward and forward.
The big toe plays an important role in force transmission for accelerating the body in the case of fast walking.
This fact coincides with the exceedingly robust form of the first phalange bones.
But it may also act together with the other medial toes. These facts also imply that the plantarflexor muscles of these phalanges may strongly contract in fast walking.
